Abstract-This study aims to determine the efficiency of using Fiber Reinforced Polymers (FRP) systems to strengthen the slab-column connections subjected to punching shear. The used strengthening systems consisted of external FRP stirrups made from glass and carbon fibers. The stirrups were installed around the column. Also, external steel links were used as a conventional strengthening method for comparison. Over the last few years, the use of FRP for strengthening of concrete structures has been investigated by many researchers, whichconcerning with the strengthening of reinforced concrete slabs, beams and columns. The use of FRP in strengthening concrete slabs in flexure is done by bonding it to the tension face of the slabs. The use of FRP for strengthening the flat slabs against punching shear can be considered as a new application. This research shows the results obtained from an experimental investigation of 4 half-scale two-way slab-column interior connections, which were constructed and tested under punching shear caused by centric vertical load. The research included one unstrengthened specimen, which considered as control specimen, one specimen strengthened with steel links, one specimen strengthened with external stirrups made from Glass Fiber Reinforced Polymer (GFRP), and one specimen strengthened with external stirrups made from Carbon Fiber Reinforced Polymer (CFRP). So, the type of strengthening material is the basic parameter in this study. The experimental results showed a noticeable increase in punching shear resistance and flexural stiffness for the strengthened specimens compared to control specimen. Also, the strengthened tested slabs showed a relative ductility enhancement.
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Finally, equations for punching shear strength prediction of slab-column connections strengthened using different materials (Steel, GFRP & CFRP) were applied and compared with the experimental results.
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I. INTRODUCTION
Punching shear failures are usually sudden and catastrophic. Such failure is undesirable as they do not allow an overall yield mechanism to develop before punching [1] . Many failures of flat slab structures were reported during construction [2] , and in many cases punching shear failures initiated and led to progressive collapse, specially, when lower floors have failed to support the impact of the above ones. This brittle failure occurs without much warning.
There are mainly two ways to increase the punching shear strength of concrete slabs: 1-increasing the slab thickness in the vicinity of the column by providing a drop panel or a column head; 2-Providing shear reinforcement. Sometimes, after the construction of some building, the increase of punching shear resistance for reinforced concrete slab-column connection may be needed. The strengthening of slab-column connection against punching shear resistance by using traditional methods (steel plates, steel stirrups, steel studs, or increasing concrete dimensions) was studied [3] [4] [5] . Few studies concerned with using the FRP strengthening systems for flat slabs [6] . The present study aims to evaluate the using of FRP materials to increase the punching shear resistance of concrete slab-column. The values of punching shear strength were predicted taking into account the contribution of the applied strengthening systems. The calculated values were compared with the corresponding experimental results in order to evaluate the used equations.
II. EXPERIMENTAL PROGRAM
All specimens were tested under punching shear caused by centric vertical load till failure. The experimental results included the maximum load which presents the punching shear strength of the tested specimens, the load deflection curves, and the crack patterns of each tested specimen.
III. TESTED SPECIMENS
The tested specimens were chosen as rectangular slabs of 110×110×10 cm dimensions with an average effective depth of 8 cm. Stub column having 15×15 cm cross section. The column with 80cm total height was cast monolithically at the center of the slab and extended outside both sides of the slab as shown in Fig. 1 . The tested specimens were designed to be simply supported along the four edges with clear spans of 100 cm in both directions, and the corners were free to rise. This test arrangement is convenient to simulate the actual boundary conditions in the prototype.
High tensile steel bars of 10 mm diameters were used as top and bottom reinforcement. The tension reinforcement was 11 Φ 10 mm and the compression reinforcement was 7 Φ 10 mm in both directions. The concrete columns were reinforced with 4 Φ 12 longitudinal high tensile steel bars and with normal mild steel 6 mm every 10 cm as stirrups. Full details of the slab-column connection, are shown in Fig.  1 . The properties of the four tested specimens are shown in Table I , the strengthened specimens were divided into three specimens in addition to the control specimen. 
IV. MATERIALS PROPERTIES
The specimens were cast using normal strength concrete of 30 MPacharacteristic strength. The concrete mix was prepared in the concrete Lab of Benha faculty of Engineering using Ordinary Portland cement, clean siliceous sand, crushed lime stone, and potable water. Tests were carried out according to ECP-203-07 and Egyptian standards to define the properties for concrete constituents, concrete mix and reinforcement steel. Table II gives the properties of the GFRP WR and CFRP wraps used in this work, given by the manufacturer. [7] V. TEST SET-UP The slab specimens were mounted in a horizontal position inside the steel frame, and the load was applied to the stub-column in a vertical direction using a hydraulic jack of 50 ton capacity, as shown in Fig. 3 .
The development of cracks was observed during loading on both faces of the slab. Dial gauges of 0.01 mm accuracy and 50 mm total range were used to measure the deflection at the bottom face of the slab (tension side). The dial gauges were fixed at the center of the slab to record the maximum deflection, and at the supports which considered a datum level to get the net deflection values of the slab. Load was applied on successive increments. Slab deflection, and cracking conditions were recorded after each increment till slab failure. 
VI. STRENGTHENING SYSTEMS

A. Using Steel Links
The proposed conventional strengthening system consisted of steel links which were locally fabricated using normal tensile steel bars of 6 mm diameter fixed at both ends by two steel plates of 5 mm thickness and 25 mm width. Modulus of elasticity, MPa 74000 225000
Elongation at failure , % 2.0 1.7
were installed through the holes which penetrated the total slab thickness. The clearance between steel links and holes was filled by polyester to ensure good bond between concrete and steel links.
B. Using FRP Stirrups
Specimens were strengthened by using intertwined FRP rods which were manually manufactured from fiber wraps of 6 mm diameter stirrups which prepared from 4 cm. Vertical holes with 10 mm diameter were drilled in the slabs. The FRP wraps were saturated with polyester for GFRP and epoxy resin (Sikadur-330) for CFRP, and then the intertwined rods were formed and stitched through holes along the thickness of the slab. 24 hours later, the clearance between GFRP or CFRP stirrups and holes was filled by polyester or Sikadur-330, respectively, to ensure good bond between FRP stirrups and concrete.
VII. EXPERIMENTAL RESULTS AND DISCUSSION
For each tested specimen, the complete load deflection curve was plotted and the cracks propagation was recorded. The obtained results were analyzed and discussed in order to study the effect of strengthening material type on the mechanical behavior of the slab-column connections under punching shear.
A. Cracking Behavior and Failure Mode
All the tested specimens were loaded under centric vertical load and failed due to shear punching. The cracks appeared firstly at the tension side of the slab. For each tested specimen, the load value corresponding to cracking initiation (Vcr) is shown in Table III . The strengthening of the specimen caused a significant increase of the first crack load. Using steel links, GFRP and CFRP stirrups led to improve its value by 29%, 35% and 47%, respectively, in comparison with control specimen.
As the applied load increased, the cracks propagated and became wider and new cracks appeared as well. The radial cracks propagated in several directions towards the slab edges forming a van shape. The failure surface intersected with the slab bottom surface forming a circumferential crack of nearly square shape. The distance between the column face and the surrounding failure crack was larger in case of strengthened specimens. Also, a higher number of radial cracks were observed for strengthened specimens in comparison with control specimen, as shown in Fig. 4 . The number of radial cracks was 11 for control specimen; however, it increased to 20 & 23 when steel links and FRP stirrups were applied, respectively.
B. Load-Deflection Plots
For all tested specimens, the deflection value, measured at the central point, was recorded at each load increment, and the load-deflection relationship was plotted. Fig. 5 shows a comparison between the different strengthened specimens, also the load-deflection plot of the control specimen was presented in the same figure for comparison. Although the ultimate load of the strengthened specimens was different, the load-deflection relationships of these specimens were moderately similar. All the strengthening materials led to a significant increase of the rigidity and the resistance of the tested specimens against the shear punching. At the same loading level, lower deflection values were recorded for strengthened specimens, either with steel links, GFRP or CFRP stirrups, in comparison with the control specimen, as shown in Fig Table III shows the ultimate load (V u ) recorded experimentally for the tested specimens. The use of steel links gave an increase of ultimate load by 60% of that recorded for control specimen. The use of GFRP and CFRP stirrups with the same number of rows and the same diameter as the steel links increased of the ultimate load by 60% and 73%, respectively. Fig. 6 shows a comparison between the tested specimens with respect to cracking and ultimate loads. For the specimens reinforced with shear reinforcement or strengthened with steel links the nominal punching shear strength may be expressed as:
where;
V c : shear resisted by the concrete; V s : shear resisted by reinforcement;
A v : area of the vertical legs forming the shear reinforcement units in one row; f yv : yield stress of the used steel for shear reinforcement units;
S: spacing between rows; The shear force resisted by the concrete at any critical section can be calculated from the following equation;
where; v c : given by (1); b : perimeter of the critical section (at a distance d/2 from the outermost row of punching shear reinforcement); In specimens strengthened with FRP, the nominal punching shear strength may be expressed as:
where; V f : is the shear resisted by fiber reinforcement; The shear strength provided by the fiber reinforcement (V f ) can be determined by calculating the force resulting from the effective tensile stress in the fiber (f fe ) which depends on its effective strain (Є fe ).
where; Є fe = 0.004 (for completely wrapping all 4 sides) [9]; S f : spacing between fiber rows; t f :fiber reinforcement thickness; w f : width of the fiber strip; n v : number of side row stirrups; n s : number of vertical legs in one side of row; A fv : area of fiber in one row; d f : depth of fiber stirrups. The above equations were applied to predict the ultimate punching shear load of the tested specimens. Table IV shows a comparison between the calculated values of the ultimate load (V u , cal. ) and the corresponding experimental values (V u, exp. ). The equations used to predict the ultimate loads are moderately conservative, where the experimental values are higher than the calculated ones by 12% to 29%. 
